Introduction
============

Background
----------

The rupture of the anterior cruciate ligament (ACL) is one of the most common ligament sports injuries of the knee joint. The number of cruciate ligament operations performed is quite high and has increased continuously over the last years. Because ACL ruptures often occur during sport activities, a relevant number patients are under the age of 40 years \[[@ref1]\].

Over the past years, many changes have been achieved, especially in surgical reconstruction techniques. Nonetheless, especially in the last decade, studies have also focused on rehabilitation after ACL reconstruction and on possible strategies to improve outcomes. It is well known that, in addition to several other preoperative and postoperative factors, insufficient rehabilitation leads to a poor outcome in terms of restricted range of motion, strength, and overall knee function, resulting in arthrofibrosis \[[@ref2]-[@ref4]\]. Due to these improvements, the risk of arthrofibrosis has been reduced to around 5% \[[@ref5]\].

The tremendous importance of early rehabilitation in all fields of medicine, for example, after neurological disorders (eg, stroke) or surgeries in general, has been understood over the last decades. That is why new concepts have been implemented in the perioperative and postoperative phases. The first concept of enhanced recovery after surgery, consisting mostly of protocols in which patients were guided by physiotherapists, already led to a clinically significant improvement in rehabilitation \[[@ref6]-[@ref8]\]. New concepts have been developed focusing on training, in which patients train at home under the guidance of a physiotherapist (telerehabilitation). This concept is already well accepted in the case of total knee arthroplasty and has shown results comparable with normal outpatient rehabilitation protocols \[[@ref9],[@ref10]\]. Along with the concept of telerehabilitation, new training devices are being used in rehabilitation, making direct biofeedback-guided training therapy at home possible \[[@ref11]-[@ref13]\]. This biofeedback-guided training has now been combined with the concept of exergaming, in which patients train with devices in conjunction with app-based systems that allow patients to train specific aspects such as range of motion or strength by successfully completing games optimized for the each training process \[[@ref14],[@ref15]\].

One problem of most available feedback-controlled training systems is that the exercises mainly focus on range of motion, and training is only possible with an acceptable range of motion. Therefore, we previously tested a device in rehabilitation after total knee arthroplasty focusing on feedback-controlled active muscle training uncoupled from range of motion. The GenuSport Knee Trainer improved the outcome after total knee arthroplasty especially in the immediate postoperative phase \[[@ref16]\]. Additionally, high compliance rates were noted \[[@ref16]-[@ref19]\].

Objective
---------

We postulated that training with our device in the initial postoperative phase after ACL reconstruction surgery would improve the overall postoperative outcome, thereby helping the predominantly young patients on their return to normal life and especially to an early return to sports. In comparison with other studies that mainly focused on improved range of motion rather than strength improvement, our device can be used directly after surgery \[[@ref20]\]. This allows for a fast-track rehabilitation concept that combines the idea of prehabiliation with serious exergaming strategies.

To our knowledge, no studies have analyzed the effect of muscle strength--based training immediately after ACL surgery. We developed this randomized controlled trial to address this lack.

Methods
=======

Study Design
------------

In this prospective randomized controlled trial, we recruited patients awaiting primary ACL reconstruction surgery at a single tertiary health care center between April 2016 and February 2018. The trial is registered; [Multimedia Appendix 1](#app1){ref-type="supplementary-material"} \[[@ref21]\]).We obtained ethical approval from the Hanover Medical School ethics committee. Due to different surgical approaches and postoperative treatment protocols, we included patients between 13 and 46 years of age. The main exclusion criteria were additional knee injuries that altered the postoperative treatment protocol (such as meniscal suturing, collateral ligament repair, or regenerative cartilage treatment) and unwillingness to participate in the study. We used computer-based randomization by generating a list of randomized numbers that were provided in sealed envelopes by an independent examiner. The postoperative treatment protocol was identically standardized, apart from the use of the GenuSport Knee Trainer by the intervention group. Pain management was the same for all patients, and none of the patients received a continuous peripheral nerve block. The postoperative physiotherapy protocol included gait training, assisted walking with crutches, active and passive knee mobilization, strength exercises, and stair climbing. In the training intervention group, each patient was additionally provided with a GenuSport Knee Trainer device (prototype plus tablet with software app) with the active knee extension training program for 3 weeks. Otherwise, the postoperative protocol was identical in both the intervention and control groups. Patients were required to train up to 5 times daily with the knee trainer starting on the day of surgery.

GenuSport Knee Trainer
----------------------

We previously described the Knee Trainer device \[[@ref16]-[@ref19]\]. It consists of a strength-monitoring unit with 3 integrated sensors that is placed in the popliteal area and a tablet with the app, which transfers the raised force into the game modus ([Figure 1](#figure1){ref-type="fig"}). Each training session in our study takes around 5 minutes and is performed autonomously by patients in their bed with 45° upper-body elevation while the patient holds the tablet in both hands. By simply pushing the knee downward onto the measuring unit, the patient can apply force. It is of tremendous importance that during the entire training session, the leg is not rotated, the hip is not lifted, and the heel is in contact with the mattress. The training app has 2 modes: 1 for the training itself and 1 for analysis. The training mode includes 2 different games: 1 for maximal strength, in which the patient has to apply maximal force for 5 seconds, and 1 longer game lasting 100 seconds, in which the patient controls the flight course of an airplane by applying different forces. The aim is to destroy the balloons with the propeller and to avoid the dark clouds. Direct feedback is provided after each game on a summary screen presenting the results \[[@ref17]\].

![The GenuSport knee trainer. (A) The device is correctly placed under the patient's knee. (B) The patient holds the tablet while in an upright position. (C) The mobile app shows the game (lasting 100 s) in which the patient controls the flight course of an airplane by applying various forces. The aim is to destroy the balloons with the propeller and to avoid the dark clouds.](games_v8i1e14282_fig1){#figure1}

Blinding
--------

Due to the nature of this study, blinding of patients was not possible.

Intervention
------------

Surgeries were performed by the same senior physician. In all patients, hamstring grafts were used. The fixation technique included femoral and tibial screw fixation (Storz Medical AG, Tägerwilen, Switzerland), as well as extracortical fixation (Storz Medical).

Outcomes
--------

We analyzed all patients before and 6 weeks after surgery. We measured function using the International Knee Documentation Committee Subjective Knee (IKDC) evaluation form, Lysholm Knee Score, Tegner activity scale, Knee Injury and Osteoarthritis Outcome Score (KOOS), the maximum strength, and a visual analog scale. Additionally, we measured the femoral diameter 10 cm and 20 cm above the joint line.

We analyzed change in maximum strength as both the absolute difference between the week-6 and presurgery values (6 weeks -- presurgery) and as the relative change (6 weeks / presurgery). We compared the change in maximum strength on both scales between the intervention and control groups using an analysis of covariance (ANCOVA) model with change in maximum strength as the dependent variable and presurgical maximum strength and treatment group as the independent variables.

Statistical Evaluation
----------------------

We performed statistical analysis using IBM SPSS Statistics version 25 (IBM Corporation).

Results
=======

Participants
------------

In total 26 patients agreed to participate (14 patients in the exergaming group and 12 patients in the control group). One patient of the control group was lost to follow-up; hence, we analyzed 25 patients in total (14 intervention patients vs 11 control group patients) ([Figure 2](#figure2){ref-type="fig"}).

Baseline Characteristics
------------------------

[Table 1](#table1){ref-type="table"} lists the baseline characteristics of the included patients regarding age, sex, body mass index and preoperative scores and strength. The 2 groups did not differ in terms of these criteria.

Compliance in the Knee Trainer Group
------------------------------------

We saw high compliance rates within the intervention group. None of the patients needed more than 1 instruction to use the knee trainer. Of the 14 patients in this group, 11 (79%) trained with the device regularly (around 17 times a week), whereas 3 patients (20%) did not comply with the training frequency of at least 7 times a week.

Clinical Outcomes
-----------------

Analysis of the data showed a relevant difference in the absolute increase of maximum strength between the exergaming group (n=14) and the control group (n=11). Postoperative mean maximum strength was 212.8 (SD 78.5) N in the intervention group (n=14) and 154.5 (SD 27.1) N in the control group (n=11). Mean absolute change in maximum strength was 57.7 (SD 95.2) N in the intervention group and --4.8 (SD 22.2) N in the control group. The ANCOVA model with absolute change as the dependent variable and treatment group and baseline maximum strength as covariates showed a relevant difference in absolute change between treatment groups (experimental -- control) of 59.7 N (95% CI 10.1-109.3; *P*=.02) ([Figure 3](#figure3){ref-type="fig"}).

![Consolidated Standards of Reporting Trials (CONSORT) study flow diagram. ITT: intention to treat; MCL: medial collateral ligament.](games_v8i1e14282_fig2){#figure2}

###### 

Baseline characteristics and outcomes of the study groups.

  ---------------------------------------------------------------------------------------------------------------------------------------------------
  Characteristics                                                  Intervention group (n=14)   Control group (n=12)   Total (n=26)    
  ---------------------------------------------------------------- --------------------------- ---------------------- --------------- ---------------
  Sex (women), n (%)                                               8 (57)                      6 (50)                 14 (54)         

  Body mass index (kg/m^2^), mean (SD)                             24.6 (5.74)                 25.45 (4.02)           25.45 (4.02)    

  Age (years), mean (SD)                                           24.86 (9.71)                25.58 (6.4)            25.19 (8.2)     

  Tegner activity scale score, mean (SD)                           7 (2.25)                    6.33 (1.61)            6.69 (1.98)     

  Time between operation and final examination (days), mean (SD)   46.50 (8.58)                44.92 (5.53)           45.77 (7.24)    

  **GenuSport Knee Trainer maximum strength (kg), mean (SD)**                                                                         

  \                                                                Operated leg                15.81 (8.06)           16 (4.16)       15.90 (6.44)

  \                                                                Nonoperated leg             17.73 (6.59)           17.62 (3.91)    17.68 (5.42)

  **IKDC^a^ 2000 subjective, mean (SD)**                           50.16 (16.10)               61.11 (14.34)          55.22 (16.00)   

  \                                                                Symptoms/stiffness          53.32 (22.91)          65.77 (18.56)   59.19 (20.08)

  \                                                                Pain                        63.52 (24.03)          70.37 (19.55)   66.68 (21.92)

  \                                                                Function/daily living       71.64 (23.63)          83.16 (14.78)   76.71 (20.68)

  \                                                                Function/sports             31.16 (26.18)          48.13 (25.74)   38.99 (26.87)

  \                                                                Quality of life             22.32 (16.02)          31.94 (17.16)   26.76 (16.94)

  Lysholm activity scale score, mean (SD)                          55.79 (21.51)               63.17 (18.37)          59.19 (20.08)   

  Single assessment numeric evaluation, mean (SD)                  49.93 (28.06)               61.25 (18.23)          55.15 (24.26)   

  Visual analog scale score, mean (SD)                             2.61 (2.34)                 2.53 (1.74)            2.57 (2.04)     
  ---------------------------------------------------------------------------------------------------------------------------------------------------

^a^IKDC: International Knee Documentation Committee Subjective Knee evaluation form, 2000 revision.

![Box and whisker plot of the experimental and control groups comparing absolute change in maximum strength 6 weeks after surgery versus before surgery (6 weeks -- preoperative), depicting the 25th to 75th percentile in the box with the mean indicated by the bar in the box. The whiskers indicate the 10th and 90th percentiles. One outlier in the experimental group is depicted by the circle.](games_v8i1e14282_fig3){#figure3}

Relative change in maximum strength was higher in the exergaming group. Mean relative change in maximum strength was 1.7 (SD 1.17) in the intervention group and 1 (SD 0.13) in the control group. The ANCOVA model with relative change as the dependent variable and treatment group and baseline maximum strength as covariates showed a relevant difference in relative change between treatment groups (experimental -- control) of 0.67 (95% CI 0.054-1.299; *P*=.03) ([Figure 4](#figure4){ref-type="fig"}).

A subgroup analysis of patients who trained more than 2 times a day showed no difference in absolute and relative changes in maximum strength, but we saw a clear trend to higher strength levels in the group of patients that trained more than 2 times a day.

![Box and whisker plot of the experimental and control groups comparing relative change in maximum strength 6 weeks after surgery versus before surgery (6 weeks / preoperative), depicting the 25th to 75th percentile in the box with the mean indicated by the bar in the box. The whiskers indicate the 10th and 90th percentiles. Two outliers in the experimental group are depicted by the circle and the star.](games_v8i1e14282_fig4){#figure4}

Changes in clinical scores (eg, IKDC, KOOS, Tegner activity scale, Lysholm Knee Score, and visual analog scale) were not different between the 2 study groups ([Table 1](#table1){ref-type="table"}).

Adverse Events
--------------

Neither group reported adverse events during the study period. In particular, there were no readmissions to the hospital, reoperation for any reason, infections, or falls.

Discussion
==========

Principal Findings
------------------

Following the progress made in information and communication technology, new technology-based rehabilitation strategies have been incorporated into various medical fields. In this context, new protocols for rehabilitation have been developed. These serious games for functional rehabilitation are considered to improve the whole rehabilitation process. Notably, in most published studies, patient compliance has been very high. This indicates a high motivation for training with exergaming devices. These results for serious games have been reported in all fields of medicine (eg, psychiatry, internal medicine, neurology, and musculoskeletal medicine) \[[@ref22]-[@ref25]\]. Although our patient population was quite small, the high compliance rate we observed is comparable with previous studies.

All of the patients allocated to the exergaming group completed the entire follow-up protocol. In the exergaming intervention group, about 80% showed good compliance, meaning they trained at least once a day, and none of these patients needed face-to-face contact during the 3-week training period. This indicates that the device design is user-friendly and that people from different age groups can use the device autonomously after adequate initial instruction. Ideally, instruction would start before surgery. We think that there is also potential for using the device in the preoperative phase to improve preoperative strength, which is known to positively influence the postoperative outcome \[[@ref3],[@ref26],[@ref27]\].

We saw a slight trend in the frequency of daily training decreasing over the 3 weeks. We think that this might have been because the gameplay of the 2 game modes that were provided did not develop over time in difficulty or the main game principle. To achieve the goal of implementing serious gaming into the rehabilitation of musculoskeletal disorders, existing systems must be evaluated and further developed \[[@ref22]\]. To this end, we are developing a 3-level system with the difficulty increasing at every level. We also think that the patient's fitness needs to be evaluated preoperatively and that the game difficulty would be adapted to the patient's fitness level. We are also trying to implement different surroundings, such as desert, space, and ocean.

The most important problem in feedback training strategies is that nearly all of them require an adequate range of motion. Therefore, therapy cannot start immediately after surgery because the patient is not able to properly move his or her legs. We designed our study to assess whether it is possible to positively influence the immediate postoperative phase by following a novel exergaming-based training protocol based on strength training rather than on range of motion as in other protocols. Other recently published studies of feedback-controlled training after total knee arthroplasty started their programs not before day 7 \[[@ref13]\]. Results of feedback-controlled range-of-motion training were very promising and showed significant improvements in the range-of-motion outcome \[[@ref20]\]. In comparison with range-of-motion protocols, the most important takeaway from our study is the relevant improvement in the maximum strength relative to that obtained with the conventional rehabilitation protocol. Regaining strength is an important parameter in the functional outcome \[[@ref28]\]. To our knowledge, the protocol we analyzed is unique in that it is possible to train immediately after surgery. We therefore think that our protocol can help to improve the overall outcome in addition to range-of-motion--based strategies. These aspects need to be tested in further studies, and the device should also be combined with training devices focusing on range of motion.

Because serious gaming has already been incorporated into other fields of medicine with good results, musculoskeletal surgeons should also implement these promising strategies both before surgery and into rehabilitation after common procedures, as well as in conservative orthopedics. The good results in different age groups suggest that serious gaming is applicable in nearly all periods of life \[[@ref29]-[@ref31]\].

Limitations
-----------

The main limitations of our study were a comparatively small patient population and a short follow-up period of 6 weeks. This is due to the fact that our approach to the immediate postoperative strength-based training has not been implemented in postoperative protocols. Hence, we conducted this pilot study to evaluate the effect of exergaming-based training on the early postoperative phase as a basis for further studies.

Conclusion
----------

To our knowledge, this was the first study that successfully implemented a serious gaming-based strength training device into early rehabilitation after ACL surgery. The results are promising; hence, we think that this technology has high potential in this area of rehabilitation, as well as in prehabilitation of musculoskeletal disorders. Further studies are needed to test these concepts and results. If the results of these further studies are as promising as the results of our study, we think that this might be a big step toward implementing such training strategies into routine clinical protocols, especially since the positive aspects of serious gaming are seen in all age cohorts.
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**Editorial notice**: This randomized study was not prospectively registered. The editor granted an exception of ICMJE rules for prospective registration of randomized trials because the risk of bias appears low and the study was considered formative. However, readers are advised to carefully assess the validity of any potential explicit or implicit claims related to primary outcomes or effectiveness, as retrospective registration does not prevent authors from changing their outcome measures retrospectively.
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